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Comparative genome analysis reveals important genetic 
differences among serotype O1 and serotype O2 strains 
of Y. ruckeri and provides insights into host adaptation and 
virulence


















Despite	 the	existence	of	a	commercial	 vaccine	 routinely	used	 to	protect	 salmonids	
against	Yersinia ruckeri,	outbreaks	still	occur,	mainly	caused	by	nonmotile	and	lipase-	




















different	 fish	 species	 such	 as	 rainbow	 trout,	 carp,	 catfish,	 sturgeon,	
burbot,	and	perch.	In	salmonids,	 it	causes	enteric	red	mouth	disease	
(ERM),	a	serious	septicemic	fish	disease	which	is	a	major	problem	for	
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have	 also	 been	 reported	 (Romalde,	 Planas,	 Sotelo,	&	Toranzo,	 2003).	





During	 the	 last	 few	 years,	 nine	 genome	 sequences	 of	 Y. ruckeri 
strains,	isolated	from	different	niches	have	been	uploaded	onto	NCBI	
(MKFJ00000000,	 NZ_CP011078,	 NZ_CP009539,	 JPFO00000000,	
CQBN00000000,	CPUZ00000000,	JPPT00000000,	CCYO00000000,	
and	JRWX00000000).	Here,	we	present	for	the	first	time	in	this	spe-
cies	 a	 comparative	 analysis	 of	 five	 of	 those	 genomes	 belonging	 to	
strains	 isolated	 from	different	hosts	and	classified	 into	different	 se-
rotypes.	The	 study	 reveals	 data	 that	 are	 important	 for	 a	 better	 un-
derstanding	of	the	mechanisms	underlying	the	niche	adaptation	and	
virulence	of	Y. ruckeri.
2  | MATERIALS AND METHODS
2.1 | Y. ruckeri strains used for genome comparison









2.2 | Comparative analysis of Y. ruckeri genomes
Identification	 of	 putative	 protein-	encoding	 genes	 and	 annotation	
of	Y. ruckeri	 genomes	were	performed	with	Rapid	Annotation	using	





in	 the	 same	cluster.	Based	on	 this	 clusterization	process,	Venn	dia-
grams	were	constructed	with	shared	proteins	(orthologous	proteins)	
using	the	Venn	diagram	package	in	R	(Chen	&	Boutros,	2011).	Pairwise	
genome	 alignments	 were	 performed	 with	 MAUVE	 (Darling,	 Mau,	
Blattner,	&	Perna,	2004).
3  | RESULTS AND DISCUSSION
3.1 | Y. ruckeri whole- genome comparisons
The	pairwise	full	genome	alignments	revealed	a	mosaic	pattern	of	ho-
mology	organized	 in	 local	 collinear	 blocks	 (LCBs)	 between	150	 and	
each	of	the	other	four	strains	(Figure	1).	The	150	strain	shares	larger	
portions	 of	 genetic	 information	 with	 CSF007-	82	 and	 ATCC24973,	












annotated	 as	 coding	 for	 hypothetical	 proteins.	 Interestingly,	 while	








Characteristic 150 ATCC29473 CSF007- 82 Big Creek 74 SC09
Host Rainbow	trout Rainbow	trout Rainbow	trout Chinook	salmon Catfish
Genome	size	(Mb) 3.82 3.77 3.83 3.69 3.92
Scaffolds 49 2 1 1 32
Contigs 169 15 1 1 32
GC	(%) 46.8 47.4 47.5 47.6 47.45
CDS 3,538 3,377 3,530 3,136 3,651
RNAs 25 80 102 103 127
Serotype O1 O1 O1 O2 –
Accession	Number MKFJ00000000 JPPT00000000 CCYO00000000 CP011078 JRWX00000000
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differentiation	may	 constitute	 the	 genetic	 basis	 for	 the	 variation	 in	
serotype-	associated	features	among	the	strains.
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3.2 | Genes exclusively shared by serotype 
O1 strains
As	 mentioned	 above,	 a	 total	 of	 268	 genes	 were	 shared	 by	 150,	
ATCC29473,	and	CSF007-	82	strains,	all	of	 them	belonging	to	sero-
type	O1	and	 isolated	 from	rainbow	trout.	These	genes	 include	113	




tems	 have	 in	 common	 the	 death	 of	 cells	 that	 have	 lost	 one	 of	 the	
components	(the	antitoxin	or	the	modification	enzyme)	and	also	their	
effect	 on	 global	 gene	 expression,	 which	 results	 in	 altered	 adaptive	
phenotypes.	Thus,	 the	 antitoxin	of	 the	Escherichia coli	MqsR–MqsA	
toxin-	antitoxin	system	directly	represses	the	transcription	of	the	gene	
encoding	the	master	stress	regulator	RpoS,	while	the	degradation	of	
the	 antitoxin	 during	 stress	 leads	 to	 a	 switch	 from	 the	 high-	motility	
state	to	biofilm	formation	(Wang	et	al.,	2011).	In	the	same	way,	meth-
ylation	 events	 produced	 by	 restriction-	modification	 systems	 may	
affect	nearby	gene	expression.	Thus,	methylation	by	Type	III	RM	sys-
tems	controls	the	expression	of	certain	genes	leading	to	two	distinct	


























teins	 of	 unknown	 function,	 50	 for	 phage-	related	 proteins,	 and	 35	
encode	 for	proteins	with	 similarity	 to	proteins	 involved	 in	a	variety	
of	functions	such	as	restriction-	modification	systems,	toxin-	antitoxin	
systems	or	proteins	involved	in	fimbriae	synthesis	(Table	3).	One	such	
case	 is	 that	of	a	cluster	 involved	 in	 fimbriae	biosynthesis,	 similar	 to	
the Stf	cluster	of	Salmonella typhimurium	which	has	been	associated	
with	 differences	 in	 virulence	 and	host	 range	 between	 the	 different	
serotypes	 (Emmerth,	Goebel,	Miller,	&	Hueck,	 1999).	Although	one	







tified	as	unique	 in	 these	strains.	They	are	similar	 to	 the	TcdA,	TcdB,	





of	 sorbitol	 (Figure	4),	 a	 previously	 described	 characteristic	 associ-






while gutD	 encodes	 a	 sorbitol-	6-	phosphate	 2-	dehydrogenase	 that	
synthesizes	D-	fructose	 6-	phosphate	 from	D-	sorbitol	 6-	phosphate.	
In Y. ruckeri	 strains,	 as	 occurs	 in	 E. coli,	 downstream	 of	 gutAEBD 
genes,	 there	 are	 two	 transcriptional	 regulators,	 an	 activator	 and	 a	
repressor	of	the	sorbitol	operon,	similar	to	gutM	and	gutR	of	E. coli,	
respectively.	Downstream	of	gutR,	 is	 located	gutQ,	which	encodes	
an	arabinose	5-	phosphate	 isomerase	 involved	 in	LPS	biosynthesis.	
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TABLE  2 Proteins	exclusively	shared	by	serotype	O1	strains
Protein 150 ATCC2947 CSF007
Restriction-	modification	systems
Type	I	restriction-	modification	system,	specificity	subunit	S BI323_00005 DJ39_RS07815 CSF007_RS15880
Eco57I	restriction-	modification	methylase	family	protein BI323_06175 DJ39_RS04570 CSF007_RS05790




Restriction	methylase BI323_06275 DJ39_RS04465 CSF007_RS05895
Restriction	methylase BI323_07120 DJ39_RS07795 CSF007_RS06135
Antirestriction	family	protein BI323_06250 DJ39_RS04490 CSF007_RS05870
Antirestriction	family	protein BI323_000601 DJ39_RS07870 CSF007_RS15825
Toxin-	antitoxin	systems
YfjZ	protein	(Antitoxin	to	YpjF) BI323_00070 DJ39_RS07880 CSF007_RS15815
Toxin	YkfI BI323_00075 DJ39_RS07885 CSF007_RS15810
Toxin_HigB-	2_ BI323_15350 DJ39_RS16625 CSF007_RS00015
Antitoxin	ParD BI323_16600 DJ39_RS11355 CSF007_RS09305
Toxin	YkfI BI323_06265 DJ39_RS04475 CSF007_RS05885
Legionaminic	acid	biosynthesis
Dehydratase/C-	5-	epimerase BI323_14300 DJ39_RS00115 CSF007_RS08290
Aminotransferase BI323_14305 DJ39_RS00110 CSF007_RS08285
UDP-	N-	acetylglucosamine	2-	epimerase BI323_14310 DJ39_RS00105 CSF007_RS08280




Mannose-	1-	phosphate	guanyltransferase BI323_14325 DJ39_RS00090 CSF007_RS08265
Oxidoreductase,	NAD-	binding	Rossmann	fold	family	protein BI323_14330 DJ39_RS00085 CSF007_RS08260
Acylneuraminate	cytidylyltransferase BI323_14335 DJ39_RS00080 CSF007_RS08255
Dehydrogenase BI323_14340 DJ39_RS00075 CSF007_RS08250
Polysaccharide	biosynthesis	family	protein BI323_14345 DJ39_RS00070 CSF007_RS08245
Aminotransferase BI323_14360 DJ39_RS00055 CSF007_RS08230
Imidazole	glycerol	phosphate	synthase	subunit	HisH BI323_14365 DJ39_RS00050 CSF007_RS08225
Imidazole	glycerol	phosphate	synthase BI323_14370 DJ39_RS00045 CSF007_RS08220
Epimerase/dehydratase BI323_14375 DJ39_RS00040 CSF007_RS08215
UDP-	2-	acetamido-	2,6-	dideoxy-	beta-	L-	talose-	4-	dehy	drogenase BI323_14380 DJ39_RS00035 CSF007_RS08210
UDP-	N-	acetylglucosamine	2-	epimerase BI323_14385 DJ39_RS00030 CSF007_RS08205
Glycosyl	transferases	group	1	family	protein BI323_14390 DJ39_RS00025 CSF007_RS08200
Tryptophan	synthase	beta	chain	like BI323_14395 DJ39_RS00020 CSF007_RS08195
DNA	repair
DNA	repair	RadC	family	protein BI323_00065 DJ39_RS07875 CSF007_RS15820
ATPase	involved	in	DNA	repair BI323_15390 DJ39_RS16660 CSF007_RS00050
DNA_repair_ATPase_ BI323_06180 DJ39_RS04565 CSF007_RS05795
ATPase	involved	in	DNA	repair BI323_06215 DJ39_RS04530 CSF007_RS05830
RadC	family	DNA	repair	protein BI323_06255 DJ39_RS04485 CSF007_RS05875
Transcriptional	regulators
Regulator BI323_01350 DJ39_RS09205 CSF007_RS01385
XRE_family_transcriptional_regulator BI323_15355 DJ39_RS16630 CSF007_RS00020
Transcription_factor BI323_16050 DJ39_RS16900 CSF007_RS16935
(Continues)
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Protein 150 ATCC2947 CSF007
XRE_family_transcriptional_regulator BI323_05810 DJ39_RS16260 CSF007_RS05430
Type	IV	secretion	system
Type	IV	secretion-	system	coupling	DNA-	binding	domain	protein BI323_15400 DJ39_RS16670 CSF007_RS00060
TrbA BI323_15410 DJ39_RS16680 CSF007_RS00070
RelB/StbD	replicon	stabilization	protein	(Antitoxin	to	RelE/StbE) BI323_15420 DJ39_RS16690 CSF007_RS00080
Conjugal	transfer/type	IV	secretion	DotA/TraY	family	protein BI323_15425 DJ39_RS16680 CSF007_RS00085
IncI1	plasmid	conjugative	transfer	protein	TraW BI323_15435 DJ39_RS16705 CSF007_RS00095
IncI1	plasmid	conjugative	transfer	protein	TraU BI323_15440 DJ39_RS16710 CSF007_RS00100
IncI1	plasmid	conjugative	transfer	protein BI323_15455 DJ39_RS16725 CSF007_RS00115
IncI1	plasmid	conjugative	transfer	protein	TraO BI323_15465 DJ39_RS16735 CSF007_RS00125
TraN BI323_15470 DJ39_RS16740 CSF007_RS00130
TraM BI323_15475 DJ39_RS16745 CSF007_RS00135
TraC BI323_15485 DJ39_RS16755 CSF007_RS00145
TraK BI323_15490 DJ39_RS16760 CSF007_RS00150
Plasmid	transfer	ATPase	TraJ BI323_15495 DJ39_RS16765 CSF007_RS00155
TraI BI323_15500 DJ39_RS16770 CSF007_RS00160
IncI1	plasmid	conjugative	transfer	protein	TraH BI323_15505 DJ39_RS16775 CSF007_RS00165
Prepilin BI323_15525 DJ39_RS16795 CSF007_RS00185
General_secretion_pathway_protein_GspF BI323_15530 DJ39_RS16800 CSF007_RS00190
PilO BI323_15545 DJ39_RS16815 CSF007_RS00205
IncI1	plasmid	conjugative	transfer	lipoprotein	PilN BI323_15550 DJ39_RS16820 CSF007_RS00210
Type	IVB	pilus	formation	outer	membrane	protein,	R64	PilN	family BI323_15555 DJ39_RS16825 CSF007_RS00215
Transferases
Methyltransferase	domain	protein BI323_16780 DJ39_RS04020 CSF007_RS16255
Glycosyl	transferase,	family	2 BI323_06290 DJ39_RS04450 CSF007_RS05910
Other proteins
ATP/GTP-	binding_protein BI323_00035 DJ39_RS07845 CSF007_RS15850
Bipolar	DNA	helicase	HerA BI323_10945 DJ39_RS01005 CSF007_RS11255
Phosphopantetheine	attachment	site	family	protein BI323_13885 DJ39_RS06465 CSF007_RS15645
AMP-	dependent	synthetase BI323_13890 DJ39_RS06470 CSF007_RS15640
3-	oxoacyl-	[acyl-	carrier	protein]	reductase BI323_13895 DJ39_RS06475 CSF007_RS15635
Polysaccharide	deacetylase BI323_13905 DJ39_RS06485 CSF007_RS15625
Endonuclease BI323_15395 DJ39_RS16665 CSF007_RS00055
Putative	ATP-	binding	protein	involved	in	virulence BI323_16055 DJ39_RS16905 CSF007_RS16930
ATP-	dependent	DNA	helicase	RecG BI323_16060 DJ39_RS16910 CSF007_RS16925
Chromosome	segregation	ATPase BI323_16110 DJ39_RS16960 CSF007_RS16875
Initiator	Replication	family	protein BI323_16595 DJ39_RS11350 CSF007_RS09310
Plasmid_stabilization_protein_ BI323_16605 DJ39_RS11360 CSF007_RS09300
Cobyrinic	acid	a,c-	diamide	synthase BI323_16640 DJ39_RS11395 CSF007_RS09265
Glycosaminoglycan	attachment	site BI323_16685 DJ39_RS14755 CSF007_RS03940
Retron-	type	RNA-	directed	DNA	polymerase BI323_16690 DJ39_RS14760 CSF007_RS03935
Sulfur	transport	family	protein BI323_16730 DJ39_RS00135 CSF007_RS17245
Cytotoxic	family	protein BI323_16760 DJ39_RS17105 CSF007_RS17365
Low	calcium	response	locus	protein	T BI323_16800 DJ39_RS04040 CSF007_RS16275
ParB/RepB/Spo0J	family	partition	domain	protein BI323_16820 DJ39_RS16600 CSF007_RS16685
TABLE  2  (Continued)
(Continues)
     |  7 of 11CASCALES Et AL.
Protein 150 ATCC2947 CSF007
Plasmid	partition	protein	A BI323_16825 DJ39_RS16605 CSF007_RS16690
ATP-	dependent	Lon	protease BI323_06155 DJ39_RS04590 CSF007_RS05770
alkaline_phosphatase BI323_06160 DJ39_RS04585 CSF007_RS05775
ABC_transporter_ATP-	binding_protein_ BI323_06170 DJ39_RS04575 CSF007_RS05785
DNA-	binding_protein_ BI323_06200 DJ39_RS04545 CSF007_RS05815
AlpA	family	protein BI323_06210 DJ39_RS04535 CSF007_RS05825
GTPase BI323_06225 DJ39_RS04520 CSF007_RS05840
YagBYeeUYfjZ	family	protein BI323_06270 DJ39_RS04470 CSF007_RS05890
DNA-	binding	protein BI323_06285 DJ39_RS04455 CSF007_RS05905
37-	kD	nucleoid-	associated	bacterial	protein BI323_06340 DJ39_RS00940 CSF007_RS06920
	(p)ppGpp_synthetase_ BI323_06345 DJ39_RS00935 CSF007_RS06915
Colicin-	Ib BI323_06365 DJ39_RS17065 CSF007_RS17470
AAA	ATPase BI323_06375 DJ39_RS00905 CSF007_RS06885
AAA	ATPase BI323_06400 DJ39_RS00875 CSF007_RS06855
Invasin BI323_06460 DJ39_RS17045 CSF007_RS17450
DNA-	directed	RNA	polymerase	subunit	sigma70 BI323_09490 DJ39_RS13885 CSF007_RS05930
ATP-	binding_protein_ BI323_09540 DJ39_RS13835 CSF007_RS05980
TABLE  2  (Continued)
TABLE  3 Proteins	shared	by	Big	Creek	74	and	SC09	strains
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Although	 the	 role	of	 this	protein	 in	 the	 sorbitol	metabolism	 is	un-
clear,	 it	 could	 be	 a	 regulatory	 molecule	 involved	 in	 expression	 of	
the gut	operon	(Meredith	&	Woodard,	2005).	In	the	plant	pathogen	
Erwinia amylovora,	 the	 presence	of	 this	 operon	has	 been	 linked	 to	
virulence	and	suggested	to	contribute	to	host	specificity	(Aldridge,	
Metzger,	&	Geider,	1997).





F IGURE  3 Analysis	of	the	stf genes in 
Y. ruckeri	genomes.	Two	copies	of	the	stf 
cluster	were	found	in	Y. ruckeri	strains.	One	
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the	presence	of	 some	of	 these	genes	may	underpin	 its	 adaptation	 to	
salmon,	since	the	host	of	the	other	four	strains	is	rainbow	trout	or	catfish.
Among	 the	proteins	with	known	 function	 (Table	S1),	we	can	 find	
restriction-	modification	 systems,	 transcriptional	 regulators,	 transfer-
ases,	 or	 proteins	 involved	 in	 polysaccharide	 biosynthesis.	 Especially	
interesting	is	the	gene	encoding	an	ATP-	dependent	Clp	protease	pro-





3.5 | Unique genes of SC09
SC09	has	a	total	of	261	genes	that	are	not	present	in	the	other	strains,	
148	 of	 them	 encode	 hypothetical	 proteins,	 17	 are	 phage-	related	
genes,	 nine	mobile	 genetic	 elements,	 and	 the	 rest	 encode	 proteins	
with	 different	 functions.	As	was	 suggested	 for	Big	Creek	74,	 some	
of	these	genes	may	underpin	the	adaptation	of	this	strain	to	survive	
inside	 the	 host	 (catfish)	 or	 under	 certain	 environmental	 conditions.	
Among	these	unique	proteins	are	transcriptional	regulators,	proteins	
















Protein 150 BIG CREEK 74 CSF007- 82 SC09
Aromatic	amino	acid	decarboxylase BI323_03940 UGYR_RS01810 CSF007_RS12055 NJ56_RS08540
Serine	hydrolase	family	protein BI323_03955 UGYR_RS01805 CSF007_RS12040 NJ56_RS08535
Virulence	factor BI323_03960 UGYR_RS01800 CSF007_RS12035 NJ56_RS08530
Crp-	like	helix-	turn-	helix	domain	protein BI323_16505 UGYR_RS04050 CSF007_RS14555 NJ56_RS14785
Fe(3	+	)	ions	import	ATP-	binding	protein	FbpC BI323_16510 UGYR_RS04045 CSF007_RS14560 NJ56_RS14780
Putative	binding	protein-	dependent	transport	
system%2C	inner-	membrane	component
BI323_16515 UGYR_RS04040 CSF007_RS14565 NJ56_RS14775
Bacterial	extracellular	solute-	binding	family	
protein
BI323_16520 UGYR_RS04035 CSF007_RS14570 NJ56_RS14770
Major	Facilitator	Superfamily	protein BI323_16525 UGYR_RS04030 CSF007_RS14575 NJ56_RS14765
Sensor	histidine	protein	kinase	UhpB,	
glucose-	6-	phosphate	specific
BI323_16530 UGYR_RS04025 CSF007_RS14580 NJ56_RS14760
Bacterial	regulatory	s,	luxR	family	protein BI323_16535 UGYR_RS04020 CSF007_RS14585 NJ56_RS14755
Transcriptional	regulatory	protein BI323_16540 UGYR_RS04015 CSF007_RS14590 NJ56_RS14750
Sensor	histidine	kinase	DpiB BI323_16545 UGYR_RS04010 CSF007_RS14595 NJ56_RS14745
[citrate	(Pro-	3S)-	lyase]	ligase BI323_16550 UGYR_RS04005 CSF007_RS14600 NJ56_RS14740
Citrate	lyase	acyl	carrier	protein BI323_16555 UGYR_RS04000 CSF007_RS14605 NJ56_RS14735
Citrate	lyase	subunit	beta BI323_16560 UGYR_RS03995 CSF007_RS14610 NJ56_RS14730
Citrate	lyase	alpha	chain BI323_16565 UGYR_RS03990 CSF007_RS14615 NJ56_RS14725
Holo-	ACP	synthase	CitX BI323_16570 UGYR_RS03985 CSF007_RS14620 NJ56_RS14720
Probable	2-	(5’’-	triphosphoribosyl)-	3′-	dephosph
ocoenzyme-	A	synthase
BI323_16575 UGYR_RS03980 CSF007_RS14625 NJ56_RS14715
Citrate	carrier BI323_16580 UGYR_RS03975 CSF007_RS14630 NJ56_RS14710
4′-	phosphopantetheinyl	transferase	
siderophore
BI323_16585 UGYR_RS03970 CSF007_RS14635 NJ56_RS14705
Holin BI323_09445 UGYR_RS04445 CSF007_RS17025 NJ56_RS17590
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A	 finding	which	 is	worthy	of	 further	 investigation	was	 the	pres-
ence,	only	 in	 this	strain,	of	a	cluster	of	12	genes	related	to	cell	wall	
polysaccharide	biosynthesis,	in	particular	the	O-	antigen.














three	 genes	 related	 to	 hexose	 phosphate	 uptake;	 and	 a	 region	
containing	nine	 genes	 involved	 in	 the	uptake	 and	metabolism	of	
citrate.	Since	most	of	these	genes	are	related	to	virulence	 (Gray,	










genetic	differentiation	 found	between	 serotype	O1	and	O2	 strains,	
especially	 relevant	 are	 the	 high	 number	 of	 unique	 genes	 found	 in	
Big	Creek	74	and	SC09	in	relation	to	serotype	O1	strains	and	the	21	
genes	absent	in	the	avirulent	strain	ATCC29473.	These	findings	could	
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